Environmentally induced alterations in the commensal microbiota have been implicated in the increasing prevalence of food allergy. We show here that sensitization to a food allergen is increased in mice that have been treated with antibiotics or are devoid of a commensal microbiota. By selectively colonizing gnotobiotic mice, we demonstrate that the allergy-protective capacity is conferred by a Clostridia-containing microbiota. Microarray analysis of intestinal epithelial cells from gnotobiotic mice revealed a previously unidentified mechanism by which Clostridia regulate innate lymphoid cell function and intestinal epithelial permeability to protect against allergen sensitization. Our findings will inform the development of novel approaches to prevent or treat food allergy based on modulating the composition of the intestinal microbiota.
Environmentally induced alterations in the commensal microbiota have been implicated in the increasing prevalence of food allergy. We show here that sensitization to a food allergen is increased in mice that have been treated with antibiotics or are devoid of a commensal microbiota. By selectively colonizing gnotobiotic mice, we demonstrate that the allergy-protective capacity is conferred by a Clostridia-containing microbiota. Microarray analysis of intestinal epithelial cells from gnotobiotic mice revealed a previously unidentified mechanism by which Clostridia regulate innate lymphoid cell function and intestinal epithelial permeability to protect against allergen sensitization. Our findings will inform the development of novel approaches to prevent or treat food allergy based on modulating the composition of the intestinal microbiota.
L ife-threatening anaphylactic responses to food are an increasingly important public health problem (1) . Rising disease prevalence over a short period cannot be explained by genetic variation alone, renewing interest in the role of the environment in shaping allergic sensitization to food (2, 3) . First proposed more than 20 years ago, the hygiene hypothesis suggested that societal efforts to reduce exposure to infectious microbes early in life have deprived the immune system of immunoregulatory stimulation necessary for protection against allergic disease (4) . As our understanding of the profound influence of commensal microbes on the maturation of the immune system has grown, more recent iterations of this hypothesis have supported the idea that alterations in the composition of the intestinal microbiota induced by environmental factors (e.g., antibiotics, diet, vaccination, sanitation) play a central role in the regulation of allergic sensitization (5) (6) (7) . In particular, antibiotic use during infancy potently perturbs intestinal bacterial populations and has often been cited as a contributing factor to the rising prevalence of allergic disease (8) . However, the mechanisms by which changes in the composition of the intestinal microbiota regulate allergic responses to food remain poorly understood.
The gastrointestinal tract must maintain nonresponsiveness to both an enormous variety of food antigens and the trillions of bacteria that comprise the commensal microbiota (9) . Mucosal IgA and regulatory T-cell (Treg) responses induced by commensal bacteria are critical for sustaining the homeostatic hostmicrobe relationship and preventing intestinal inflammation (10) . In addition, recent work has revealed that a heterogeneous population of innate immune cells, known collectively as innate lymphoid cells (ILCs), plays a critical role in integrating signals from the commensal microbiota to maintain homeostasis at epithelial barriers and guide adaptive immunity (11) . In this report we show that sensitization to a food allergen is enhanced in mice that have been treated with antibiotics (Abx) or are devoid of commensal microbes (germ free, GF). Selective colonization of gnotobiotic mice demonstrated that the allergy-protective capacity is contained within the Clostridia, a class of anaerobic sporeforming Firmicutes that reside in close proximity to the intestinal epithelium. Reintroduction of a Clostridia-containing microbiota to Abx-treated mice blocks sensitization to a food allergen. Using microarray analysis of intestinal epithelial cells from gnotobiotic mice, we identify an innate mechanism by which Clostridia protect against sensitization to dietary antigens. Defects in intestinal permeability have been implicated in aberrant allergic responses to food, but the mechanisms governing uptake of dietary antigen have not been clear. We show here that Clostridia colonization induces IL-22 production by both RAR-related orphan receptor gamma (RORγt)
+ ILCs and T cells in the intestinal lamina propria (LP) and that this cytokine acts to reduce uptake of orally administered dietary antigen into the systemic circulation, contributing, in part, to protection against sensitization.
Results

Neonatal Abx Exposure Alters the Commensal Microbiota and
Enhances Food Allergen Sensitization. We evaluated the susceptibility of mice to food allergen sensitization by intragastric coadministration of peanut (PN) allergens and the mucosal adjuvant cholera toxin (CT), which induces PN-specific IgE, IgG1, and symptoms typical of systemic allergic hyperreactivity (12) . Mice treated with Abx showed marked elevation in PN-specific IgE and
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IgG1 after sensitization and allergen challenge ( Fig. 1 A and B) . Analysis of 16S rRNA genes revealed that 6 wk of Abx treatment resulted in a significant reduction in bacterial load in both the feces and ileal contents (Fig. 1C ) and altered the diversity (Fig. 1D) and composition ( Fig. 1E ) of the fecal and ileal microbiota. Those members of the Bacteroidetes and Firmicutes phyla most prevalent under normal conditions (Fig. 1E , no treatment, NT) were absent in fecal samples obtained from Abx-treated mice and were replaced instead by Lactobacillaceae (Fig. 1E) , consistent with another recent report (13) .
A Clostridia-Containing Microbiota Protects Against Sensitization to Food Allergens. To gain insight into the populations of bacteria responsible for protection against sensitization to food allergens, we created a gnotobiotic model of food allergy. Upon sensitization with PN/CT, GF mice exhibit significantly increased levels of PN-specific IgE and IgG1 relative to mice maintained in typical specific pathogen-free (SPF) housing conditions and the reduced core body temperature at challenge characteristic of an anaphylactic response (Fig. 2 A, B, and D) . In the absence of a colonizing microbiota, GF mice displayed grossly enlarged cecal size (Fig. 2E ) and spontaneously higher levels of circulating IgE with increasing age (Fig. S1A) . Total IgE levels in GF mice were elevated by treatment with CT or PN/CT (Fig. 2C) . GF mice colonized with an SPF microbiota (conventionalized) did not show elevated levels of PN-specific IgE ( Fig. 2A) or IgG1 (Fig. 2B) or a reduced core body temperature (Fig. 2D ) in response to sensitization with PN/CT. The concentration of total IgE detectable in the serum of conventionalized mice was also reduced to levels similar to those seen in SPF mice (Fig. 2C) . In addition, conventionalized mice displayed the normal cecal size (Fig. 2E ) and bacterial load characteristic of SPF mice (Fig. 2F) .
We next examined the ability of selected members of the SPF microbiota to influence susceptibility to allergic sensitization to food. We focused on Bacteroides, Clostridium cluster XIVa, and Clostridium cluster IV, which constitute the numerically predominant taxa in the murine colon (14) . Anaerobic cultures of fecal material from our SPF colony yielded Bacteroides uniformis as a representative Bacteroides species. Monocolonization of GF mice with B. uniformis resulted in a bacterial load similar to that seen in SPF and conventionalized mice (Fig. 2F ) but did not reduce cecal size (Fig. 2E) , rescue the drop in core body temperature in all mice (Fig. 2D ), or significantly reduce the PN-specific IgE or IgG1 response seen in GF mice ( Fig. 2 A and  B) . To colonize GF mice with Clostridia, we used chloroformextracted spores isolated from a mixed cecal/fecal sample from a healthy SPF mouse. Sequence analysis showed that this extract was consistently and predominantly composed of members of Clostridium clusters XIVa, XIVb, and IV ( Fig. S1 B-D) . Colonization with this Clostridia consortium protected against sensitization to PN/CT, because levels of PN-specific and total IgE were reduced compared with GF controls (Fig. 2 A and C), and no temperature drop was seen at challenge (Fig. 2D ). Cecal size in Clostridia-colonized mice was comparable to that seen in SPF mice ( Fig. 2E ), although the bacterial load measured in feces was significantly lower (Fig. 2F) . Collectively, these data suggest that Clostridia play a role in protection against sensitization to a food allergen. We then examined whether the changes in food allergen sensitization induced by neonatal Abx administration ( Fig. 1 ) could be reversed by selectively restoring the intestinal microbial community. In addition, we examined the response to sensitization after recovery from 1 wk of preweaning antibiotic treatment (Abx Recov.) (Fig. S2 ). PN-specific IgE and IgG1 and total IgE levels were reduced in serum collected at challenge from Abx-treated, PN/CT-sensitized mice that had been conventionalized (Abx conv.), Clostridia-colonized (Abx Clost.), or allowed to recover (Abx Recov.) ( Fig. S2 A-C), suggesting that restoring a Clostridiacontaining microbiota by either fecal gavage or removal of Abxmediated selection is sufficient to protect against food allergen sensitization. In support of these findings, at termination, the abundance of Clostridia in fecal samples was restored to untreated levels in mice that received fecal gavage (Abx conv. or Abx Clost.) or were allowed to recover (Abx Recov., Fig. S2 D and E), although their community structures remained distinct (Fig. S2F ).
Clostridia Colonization Activates Innate Immune Genes in Intestinal
Epithelial Cells. Several reports suggest that mucosa-associated Clostridia populations have a unique role in the induction of Foxp3 + Tregs and IgA, the two major arms of adaptive mucosal immunity (15) (16) (17) . The ability of selected indigenous commensal bacteria to activate innate immune signaling in intestinal epithelial cells (IECs) is less well understood. We first confirmed that both conventionalized and Clostridia-colonized mice have significantly increased proportions of Foxp3 + Tregs in the colonic LP and elevated concentrations of fecal IgA compared with the baseline levels detected in GF mice ( Fig. 3 A and B) . Monocolonization of GF mice with B. uniformis partially restored levels of fecal IgA (Fig. 3B ) but did not affect the LP Treg compartment (Fig. 3A) . B. uniformis and Clostridia therefore differed in their ability both to protect against food allergen sensitization (Fig. 2) and to induce colonic Tregs and fecal IgA (Fig. 3) , suggesting that they also differentially activate innate immunity. To gain insight into the role of microbial interactions with IECs in the regulation of sensitization to food allergens, we examined gene expression in IECs from GF mice and from mice colonized with B. uniformis or Clostridia. Microarray analysis showed that 38 genes in IEC from Clostridia-colonized mice and 16 from B. uniformis-colonized mice exhibited ≥1.5-fold increase in mean expression compared with GF controls (Fig. 3C ). We were particularly interested in the differential up-regulation of regenerating islet-derived 3 beta (Reg3b) in Clostridia-colonized mice (Fig. 3 D and E) because it encodes an antimicrobial peptide, REG3β, which regulates the composition of the mucosa-associated microbiota (18) .
Clostridia Colonization Induces IL-22. We validated our microarray results by demonstrating that Reg3b and Reg3g expression were increased in whole-tissue extracts from Clostridia, but not B. uniformis, colonized mice (Fig. 4A) . IECs produce antimicrobial peptides in response to IL-22-mediated signaling (18) . We found that only Clostridia colonization induced significant up-regulation of IL-22 transcripts in lamina propria lymphocyte (LPL) (Fig. 4B) . Flow cytometric analysis revealed that both RORγt + ILCs and CD4
+
TCRβ
+ T cells produced elevated levels of IL-22 in response to Clostridia colonization ( Fig. 4C and Fig. S3A ). The proportion of RORγt + ILCs within the LTi0, LTi4, and NK22 ILC3 subsets in the colonic LP was unchanged in Clostridia-colonized mice (Fig.  S3B) . IL-22 also protects the intestinal epithelial barrier by promoting mucus secretion by goblet cells (19) ; the numbers of mucus-producing goblet cells were significantly increased in mice colonized with Clostridia but not in those colonized with B. uniformis (Fig. 4D) . Having identified its cellular sources and confirmed a known barrier protective functional activity in our model, we asked whether IL-22 also plays a role in regulating epithelial permeability to protein antigens. Because antigen uptake from the intestinal lumen is the first step in sensitization to a food allergen, we reasoned that Clostridia-induced IL-22 production reinforces the epithelial barrier to reduce intestinal permeability to dietary proteins. To explore this hypothesis, we developed an assay to measure the transient presence of allergen in the blood after intragastric gavage. Several Ara h proteins have been identified as the immunodominant allergens of PN (Arachis hypogaea) (20) . We used sensitive capture ELISAs to measure the concentration of two of these proteins in the systemic circulation. Both Ara h 6 and Ara h 2 were readily detectable in the serum of GF mice (Fig. 4E) B. uniformis, reduced the circulating concentrations of both proteins after gavage.
Clostridia-Induced IL-22 Regulates Allergen Access to the Bloodstream.
To determine whether IL-22 induced by Clostridia gavage is necessary and sufficient to reduce intestinal barrier permeability we used the Abx-depletion model. Il22 expression was significantly increased in the colon of Abx-treated Clostridia-colonized mice (Fig. 5A) . Significantly higher concentrations of Ara h 6 were detected in the serum of Abx-treated mice compared with mice that received no treatment (NT ; Fig. 5B) ; similar results were obtained for Ara h 2 (Fig. S4A) . Serum Ara h 6 and Ara h 2 were reduced in Abx mice treated with an IL-22-Fc fusion protein (21) or colonized with Clostridia after 1 wk of Abx gavage ( Fig. 5B and Fig. S4A ), indicating that either Clostridia gavage or exogenous IL-22 is sufficient to reduce the concentration of serum allergen. To demonstrate that Clostridia-induced IL-22 regulates allergen access to the bloodstream, groups of Abxtreated Clostridia-colonized mice were given i.p. injections of a neutralizing antibody to IL-22 (22) or an isotype control before allergen challenge. Serum concentrations of Ara h 6 and Ara h 2 were significantly elevated in Clostridia-colonized mice treated with anti-IL-22 compared with mice treated with an isotype control ( Fig.  5C and Fig. S4B ), directly linking Clostridia-induced IL-22 production to the regulation of allergen uptake. Anti-IL-22 treatment did not affect Clostridia-mediated induction of Foxp3 + Tregs in the colonic LP (Fig. S4C) . Together with the inability of IL-22-Fc to 
Foxp3
+ Tregs in the colonic LP of Abx-treated mice (Fig. S4C) , this result suggested that Clostridia-induced IL-22 does not expand the colonic Treg compartment. In addition, the concentration of Ara h 6 in the serum of Abx-treated mice 3 h after gavage with PN/CT was significantly higher than that detected in mice that received PN alone ( Fig. S4D compared with Fig. 5B ; P < 0.05), in agreement with the role of adjuvants such as CT in increasing intestinal permeability to luminal antigens (23) . Serum Ara h 6 and Ara h 2 were reduced in Abxtreated Clostridia-colonized mice even when PN was administered together with CT (Fig. S4 D and E) . To examine whether Clostridia-induced IL-22 production by ILCs regulates allergen uptake, we repeated the Abx treatment/Clostridia colonization in Rag −/− mice depleted of ILCs with anti-CD90 antibody (as described in ref. 24) . Elevated concentrations of Ara h 6 and Ara h 2 were detectable in the serum of Abx-treated Clostridia-colonized ILC-depleted Rag −/− mice compared with mice treated with an isotype control (Fig. S4 F and G) . The efficacy of anti-CD90 treatment in depleting IL-22 transcripts in the intestinal LP was confirmed by quantitative PCR (Fig. S4H) .
Finally, we examined whether Clostridia-induced IL-22 production in the intestinal LP regulates sensitization to food allergens. Abx-treated Clostridia-colonized mice sensitized with PN/CT as in Fig. 1 and Fig. S2 were treated with anti-IL-22 or isotype control throughout the 35-d protocol. Examination at sacrifice showed that both intestinal Reg3b expression (Fig. 5D ) and goblet cell numbers (Fig. S4I) were significantly reduced in mice treated with anti-IL-22 compared with isotype-treated controls, confirming that IL-22 was effectively neutralized by this treatment protocol. To assess sensitization to food, splenocytes harvested after allergen challenge were restimulated in vitro with anti-CD3 or PN as previously described (12) . Oral administration of antigen with CT as a mucosal adjuvant typically induces a Th2 biased response to promote allergic sensitization (12) . However, treatment of Abxdepleted Clostridia-colonized mice with anti-IL-22 throughout the course of the sensitization protocol did not result in elevated levels of IL-4 (Fig. 5E ) or an increased PN-specific or total IgE response (Fig. 5F ), in agreement with the absence of Th2 skewing (IL-13 and IFN-γ were also not significantly changed; Fig. S4 J and K) . Instead we detected significantly elevated production of IL-17 ( Fig.  5G) , consistent with other reports showing that depletion of innate IL-22 promotes an adaptive Th17 response (25) . PN-specific IgG increased in anti-IL-22-treated mice compared with isotype controls (P = 0.09) (Fig. 5H) . Interestingly, in keeping with the antimicrobial activity of REG3β, we found that anti-IL-22 treatment altered the composition of the fecal microbiota. UniFrac analysis showed that the microbiota of anti-IL-22-treated mice increasingly diverged from that of their isotype control treated littermates during the 5 wk of treatment (Fig. 5I) . Neutralization of IL-22 increased the abundance of Clostridiales throughout most of the sensitization period, whereas the abundance of Bacteroidales remained unchanged (Fig. S4L) . Taken together, these data support our hypothesis that mucosa-associated Clostridia play a critical role in regulating sensitization to food allergens.
Discussion
Dietary antigens are absorbed in the small intestine and carried to the mesenteric lymph node by CD103
+ dendritic cells, ultimately generating food antigen-specific Tregs that then migrate to the small intestinal LP and expand to maintain tolerance to dietary antigen (26) . Our data suggest a new paradigm in which both antigen-specific tolerance and a bacteria-induced barrier protective response are required to prevent sensitization to food antigens. We identify an innate mechanism through which a predominant component of the normal mucosa-associated commensal microbiota regulates sensitization to food. Using a sensitive capture ELISA to measure the concentration of two immunodominant PN allergens in serum within hours after gavage, we show that Clostridia-induced early innate IL-22 production by RORγt + ILCs and T cells reduces access of allergen to the bloodstream. Treatment of Abx-depleted Clostridia-colonized mice with neutralizing anti-IL-22 throughout the course of the PN/CT sensitization protocol induces enhanced production of IL-17 upon restimulation in vitro, in agreement with a role for innate IL-22 in regulating the adaptive Th17 response (25) . PN-specific IgG responses increase in anti-IL-22-treated mice but, without Th2 skewing, the IgE response is unaltered. The composition of the microbiota was also transformed by treatment with anti-IL-22. The antimicrobial activity of REG3β/γ is directed against Gram-positive bacteria (18) . Clostridia induce both Il22 and Reg3b/g expression and stably colonize gnotobiotic mice. In anti-IL-22-treated mice, however, increased abundance of Clostridiales correlates with reduced expression of Reg3b, suggesting that this antimicrobial peptide titrates Clostridia abundance in its colonic niche.
We also confirmed that the presence of a Clostridia-containing microbiota is associated with the adaptive expansion of the intestinal Treg compartment and class switching to IgA (16, 17) , further reinforcing the immunoregulatory environment required to maintain tolerance to dietary antigen. Indeed, IgA likely contributes to immune exclusion to reduce allergen uptake; note the accelerated kinetics with which Ara h 6 and Ara h 2 reach the blood in Rag −/− mice in comparison with WT mice. Increased bacteriainduced luminal IgA and decreased systemic allergen-specific Ig in Clostridia-colonized mice may both be related to reduced systemic allergen uptake. However, Clostridia's early induction of IL-22 may not be directly involved in the adaptive Treg and IgA phase of the Clostridia-induced protective response, because treatment with an IL-22Fc fusion protein does not result in an expansion of Tregs in the colonic LP. Instead, recent work suggests that microbial metabolites such as short chain fatty acids can regulate the proportions and functional capabilities of Foxp3 + Tregs in the colonic LP (27) (28) (29) . Direct evidence for environment-induced dysbiosis in the increasing prevalence of food allergy among children is just beginning to emerge. Studies have tied urinary levels of the commonly used antibacterial agent triclosan to food and aeroallergen sensitization (30) and prepartal or neonatal Abx use to cow's milk allergy in infancy (31) . Clostridia are enriched in the colon of both mice and humans (14) . Recent work has shown that Clostridia strains isolated from healthy human feces potently induce Tregs in the colonic LP upon transfer to GF mice (17) , suggesting our findings may be translatable to human disease. Oral and s.c. allergen-specific desensitization protocols are already showing promise for treating food allergy (32) . Our data suggest that tolerance-inducing protocols could be effectively paired with Clostridia enrichment of gut microbiota to potentiate antigen-specific tolerance to prevent or treat food allergy.
Methods
Mice. C57BL/6, C57BL/6Foxp3 gfp , and Rag −/− mice on an inbred C57BL/6 background (33) were maintained in an SPF facility at The University of Chicago. Breeding pairs of GF C57BL/6 mice were initially provided by S. Mazmanian. C57BL/6Foxp3 gfp mice were rederived GF by K. McCoy. All experiments were performed in accordance with the Institutional Biosafety and Animal Care and Use Committees.
Neonatal Abx Treatment. C57BL/6 or C57BL/6Foxp3 gfp mice were treated with a mixture of Abx, beginning at 2 wk of age, as previously described (12) . For the first week, mice were given a daily intragastric gavage with 100 μL of a mixture of kanamycin (4 mg/mL), gentamicin (0.35 mg/mL), colistin (8500 U/mL), metronidazole (2.15 mg/mL), and vancomycin (0.45 mg/mL) (Sigma-Aldrich; MP Biomedicals). After weaning, the Abx were administered in the drinking water at 50-fold dilution except for vancomycin, which was maintained at 0.5 mg/mL.
Preparation of 16S rRNA-Based Amplicon Library and Data Analysis. PCR amplicons of the V4 region of the 16S rRNA gene were sequenced on the Illumina MiSeq platform and analyzed using QIIME as described in SI Methods.
